Summary -In the woodlouse Armadillidium vulgare, the basis of sex determination is under the control of heterochromosomes (ZZ males and WZ females). However 
INTRODUCTION
In populations of Isopoda Armadillidium vulgare where females produce offspring with a 1:1 sex ratio, sex is determined by the classical homo-heterogametic mode. Males are homogametic ZZ and females are heterogametic WZ (Juchault and Legrand, 1972) . However, in several populations of this crustacea, sex ratios are often female biased and the majority of females regularly produce highly femalebiased broods (Juchault et al, 1980; Legrand, 1981 a,b, 1989) . It has been shown that, in these females, sex factors override the sex chromosomes' effects.
Two kinds of sex factors, whose effects are very similar, are known to exist. The first one is a symbiotic feminizing Wolbachia-like bacterium (F) carried by females located in the cytoplasm of all host cells, and especially in oocytes (Martin et al, 1973; . Females harbouring F have a male heterochromosomal composition (ZZ) and are thus neo-females (ZZ+F) (Juchault et al, 1980 Bull's definition (1983) , F could be called a cytoplasmic sex factor that inhibits the male nuclear genes. The second sex factor (named f) is also able to transform genetic males into neo-females (ZZ+f) and is primarily maternally-transmitted. However, paternal transmission of f may occasionally be observed, but experimental horizontal transmission of this factor is impossible (Legrand and Juchault, 1984 ). The precise nature of f remains unknown, but genetic and physiological data suggest that it might be a segment of F bacterial DNA integrated in the isopod genome, with unstable behaviour (Legrand and Juchault, 1984) . Taking into account the nature of F and the origin of f, these 2 factors could be called &dquo;parasitic sex factors&dquo; (PSF) . The extension of the term &dquo;parasitic&dquo; for a DNA segment has been used by Hickey (1982) (Bulnheim, 1978; Ginsburger-Vogel et al, 1980) . In the haplodiploid insect Nasonia vitripenis, sex is thought to be under the control of cytoplasmic microorganisms (Werren et al, 1981; Skinner, 1983) .
In Armadillidium vulgare, natural populations show great variability in their sex ratios and in distribution of sexual factors (Juchault et al, 1980; Juchault and Legrand, 1981 (Legrand et al, 1987 (Vandel, 1962) , and mixing populations is often possible. The appearance of neo-females carrying PSF in an intact population (population consisting only of homo-heterogametic sex determined individuals) is therefore an interesting phenomenon to study, because this possibility seems to be the main factor for the dissemination of PSF. ' In such a context, the theoretical evolution of sex determining mechanisms can be computed from the models of Bull (1983) and Taylor (1990) . These (Juchault and Legrand, 1989) : i), genetic females produced broods with a 1:1 sex ratio, regardless of rearing temperature and on the other hand, they could be masculinized by inoculation with an androgenic gland or by injection of the male hormone; ii), ZZ+f neo-females could also be masculinized, but they produced highly femalebiased broods at 20°C and highly male-biased broods at 30°C, after repression of the effect of f at the latter temperature; iii), ZZ+F neo-females were not sensitive to the masculinizing effect of the male hormone because of the bacterial presence.
The control series of artificial populations was made by breeding sisters of the W'Z females, ZZ+F and ZZ+f neo-females placed in the tubs, by rearing their offspring separately, and then by breeding these offspring in the same way. Under such conditions, the mortality rate was very low and we estimated that the number of ZZ+F or ZZ+f neo-females produced in such broods reflected the primary transmission rate of the PSF. For the neo-female strains, mothers were chosen at each generation among broods including 100% of neo-females, to obtain a maximised estimate of the primary rate of transmission. It was possible to calculate a mean male ratio (MMR) for the broods of females belonging to the same category, using a method described by Rigaud et al (1991) . In one category of neo-females, the mean primary transmission rate (T) of PSF then corresponds to T = 1-Ai l'vI R.
In addition to these experiments, we wanted to test the evolution of the proportion of F in a population after horizontal transmission of this factor to genetic females. In order to obtain this horizontal transmission, ovaries from 10 ZZ+F neo-females were ground and mixed with 1 ml of physiological solution, and WZ females were inoculated with 1 pl of this extract. Since recipient females transmitted F vertically, their offspring consisted of the following:
It is known that the fraction of offspring infected by F in broods of these females is the same as that in broods of ZZ+F neo-females (Juchault and Mocquard, 1989 (fig 3a,b) . In F 3 , the F factor tended to regress and the sex ratio became stabilized arround l:l. ' The F bacteria's disappearance could also be observed in F-inoculated ZZ+f neo-females. In the first generation, 18 of the 20 inoculated neo-females produced broods, in which the mean male ratio (MMR) was equal to 9.6% ± 3.6. In theory, these breedings produced the (fig 6b) , the equilibrium was reached very rapidly: 7 generations were enough to reach 3% for probability of disappearance of the PSF, while after 25 generations, the level for the probability of fixation was 97% and the equilibrium was then reached.
Another simulation was performed, using a variable c value. If c varied during the first 9 generations from 0.7 to 0.1, and then stabilized, the probability progressed in a way that was very close to that where c = 0.7 (fig 7) : the probability of disappearance of the PSF after 35 generations was then much lower than the probability of fixation. However, it could be noted that the decrease in c considerably slowed down the course toward the equilibrium. After 35 generations, the probability of fixation of the factor was equal to 77% and the probability of . disappearance was about 9%. Thus, there was still a 14% probability of finding some mixed populations containing both genetic females and neo-females. In this case, the equilibrium was reached after 85 generations.
The equilibrium probability of elimination of a PSF was computed for several values of c, as a function of the number of infesting neo-females in an intact population (fig 8) . Calculations were performed for a population of 24 females and for an unlimited population. The probabilities of disappearance of the PSF were the same as for a mutant allele with a selective advantage:
As a general rule, the closer c was to 0, the higher was the probability of disappearance for the same number of infesting neo-females, and the more the limit where the probabilities of disappearance equal to 0 progressed toward high rates of infesting neo-females. It was interesting to note that for a transmission rate of PSF equal to 100% (ie for c = 1), but with low infestation rate by neofemales, the disappearance of the PSF at the equilibrium could be considered. On the other hand, differences between limited and unlimited populations were only perceptible with low values of c (< 0.1). In these cases, differences were greater for high infestation rates by PSF: the probabilities of disappearance were then higher in a large population than in a small one. In the opposite case, when only one neofemale infested the population, a population of 24 females could be considered as unlimited, because the probabilities of disappearance of the PSF were very similar in the 2 cases.
DISCUSSION
Investigation of the mean primary transmission rates of the PSF in Armadillidium vulgare showed that ZZ+F neo-females have a high rate of transmission of bacteria to their offspring, while mean transmission of f was more irregular. However, the mean transmission rate of PSF is always at least 50%, which means that neo-females always produce on average more daughters than genetic females. The appearance of PSF in a population that contained only genetic females (intact population) should then theoretically lead to an increasing rate of neo-females in the population, and to the disappearance of genetic females. The rate of neo-females in the population should then equal the transmission rate of the PSF (Taylor, 1990 ).
However, analysis of artificial populations showed that in populations where the invading factor was F, neo-females were often eliminated and, consequently, the male ratio reached 50% after a few generations. In contrast, the invasive power of f seems to be higher, and the sex ratio in the populations generally progressed toward female-biased. However, failure of propagation of f was possible in a population where infestation rate was low. These results may be compared to the spreading of symbiotic maternally-transmitted microorganisms in artificial populations of insects, although these microorganisms do not interfere with the sex determining mechanisms. In Sitophilus oryzae (Coleoptera), the endocytobiote (a Gram-negative bacteria) spreads rapidly in populations (Nardon and Grenier, 1989 ). This invasion is due to the fact that bacteria provide the insect with greater fertility and more rapid development. In the flour beetle Tribolium confusum, the rate of spread of a Rickettsiale responsible for reproductive incompatibility is a function of infestation rate in the population (Stevens and Wade, 1990 ). However, in this latter case, if the infestation rate is below 0.37, the cytoplasmic factor is lost from the population. In these 2 examples, experimental observations follow the theoretical models.
The models previously used to describe the course of parasitic sex determination in Armadillidium vulgare do not consider the disappearance of F or f observed in artificial populations in the absence of any genetic control by the host, since the transmission rate of these PSF is higher than 50% on average (Bull, 1983; Legrand et al, 1987; Taylor, 1990 (Juchault and Mocquard, 1989) . It is also known that fecundity in terrestrial isopoda is a linear function of the size of the female (Sutton et al, 1984; Juchault and Mocquard, 1989 (Legrand et al, 1974; Juchault and Legrand, 1989) . This gene (closely related to the restorer genes observed in the case of male-sterility in higher plants (Couvet et al, 1991 ) is present at a high rate in populations where sex is controlled by PSF. The other nuclear elements are genes conferring resistance to the cytoplasmic sex factor F (Rigaud and Juchault, 1992) . These resistance genes (R) appear to be a polygenic system which prevents bacterial transmission to oocytes. These 2 categories of gene reduce the primary transmission rate, and then allow the production of a male rate high enough to enable fecundation of all the females. Theoretically, selection of such genes in populations is frequency-dependent (Bull, 1983; Taylor, 1990 ), but by migration, M and R genes could be introduced in all categories of populations. In our model, we saw that if the transmission rate of PSF decreased during successive generations (after selection of the M gene in a population in the process of invasion, for example) the time to reach the equilibrium was longer than if the transmission rate was high. Such M and R genes could then enable preservation over a long period of mixed populations (genetic females + neo-females), but it is difficult to anticipate whether their incidence could reach a value high enough to prevent disappearance of genetic females. However, the presence of these genes might explain part of the variability observed in the sex ratio of natural populations when the fixation of PSF is reached. Taylor (1990) showed that the more a resistant allele is effective against effects of PSF, the more the equilibrium sex ratio is close to 1:1 for the same PSF transmission efficiency.
In fact, it is possible to say that the composition of natural populations observed at a given moment is simply a snapshot of a system in constant evolution, composed of transient populations that progress toward several types of equilibrium with different rates of speed. Some events such as the selection of restorer genes of the male sex, exchanges between populations and competition between the different categories of females may be the source of the wide variability in the population structure. Another mechanism able to increase this variability and which develops in parallel is the internal evolution of the sex determining mechanisms. Considering the model proposed by Legrand et al (1987) , the continuous appearance in populations of the f factor from the F bacteria could still increase the probability of finding situations where different categories of females could be mixed.
